fMRI was performed in nine male schizophrenia patients and 15 healthy male controls during an auditory time estimation (timing), a frequency (i.e. pitch) discrimination task, and rest. An adaptive psychophysical approach, the weighted up±down method, was used to adjust individual performance to a level of 75% probability for correct answers. Although performing on the same level of individual dif®culty, schizophrenia patients revealed less activations in prefrontal cortex and caudate nucleus, comparing time vs rest. Timing speci®c differences (i.e. timing vs pitch) between patients and controls were found in the posterior putamen, anterior thalamus, and right medial prefrontal cortex, with patients showing relative hypoactivity. Impairment in time estimation in schizophrenia might be mediated by speci®c fronto-thalamo-striatal dysfunction.
INTRODUCTION
Time perception is a complex, yet fundamental, capability of the human brain. As Hazeltine et al. [1] state precise timing is essential in many of human behaviours. For example, reaching for an object requires a speci®c temporal pattern or sequence of activity of the muscles of the arm, shoulder and wrist. Predicting events like when a traf®c light will change to red [1] is also closely linked to time estimation. Within the range of diverse sensory and motor timing functions, interval timing refers to the processing of stimuli in the second to minute range. With recent progresses, the neurobiological underpinnings of this processing of temporal information are beginning to become clearer [2, 3] . In schizophrenia, temporal cognition appears to be disturbed on multiple time scales, from the range of milliseconds to . 10 s, and in different testing paradigms [4, 5] . The basic cerebral alteration responsible for altered time estimation in this patient population is unknown. Recently, it has been proposed that the study of time estimation in schizophrenia might reveal important information on the core cognitive disturbances of this disorder [6] . This importance might emerge from the involvement of key structures like the prefrontal cortex, thalamus, striatum and possibly the cerebellum [2] .
From human and animal studies, it has been concluded that timing tasks are accomplished by the differential functions of several brain areas. It has been possible to roughly delineate basic timing mechanisms from secondary systems of attention and memory. The basal ganglia have been implicated for central timekeeping operations, whereas certain cortical areas, like the prefrontal and parietal cortices are regarded to support timing functions beyond the range of milliseconds, i.e. when additional mnemonic and attentional resources are required. The thalamus, in between these both systems, might act as an important tuning or gating element in the relationship between thalamocortical systems and the postulated internal clock in the striatum [7] .
In this study, we hypothesized that a main neurobiological mechanism responsible for disturbed timing in schizophrenia patients might be an alteration in fronto-thalamostriatal circuits. Within the framework of well known metabolic alterations in schizophrenia [8] , this assumption might be capable to explain changes in both central clock modules and working memory functions, especially in relation to the dorsolateral prefrontal cortex (DLPFC). A second focus of our study was to account for the behavioural performance de®cits of the patients by using a psychophysical procedure to adjust levels of performance on an individual basis. Assuming that all participants would perform on an adjusted level of performance, possible differences in activation would then re¯ect processes other than this potential confound.
MATERIALS AND METHODS
Two groups of male participants were included: nine patients diagnosed by DSM-IV and ICD-10 criteria as having schizophrenia (n 8) or schizoaffective disorder (n 1; mean (AE s.d.) age 31.7 AE 12.1, range 21±54 years; only two patients older than 35 years) and 15 healthy controls (mean age 25.3 AE 3.6, range 21±31 years). Except for one mixed-handed patient, all participants were righthanded. Due to well known adverse effects of typical neuroleptics (especially haloperidol) upon timing [2] , we selected patients treated with atypical neuroleptics: four of the patients received olanzapine (10±20 mg/day), four clozapine (150±300 mg/day), and one risperidone (6 mg/ day). They had either taken no high-potency typical neuroleptics such as haloperidol in the preceding 2 weeks or had never received any such drugs at all (low-potent levomepromazin was accepted in two cases, but discontinued at least 12 h prior to scanning). The patients had no additional neurological or internal diseases or disorders, no substance abuse, and no history of head trauma. Healthy volunteers were also thoroughly examined for these exclusion criteria, and had no personal history or family history of psychiatric or severe neurological disorders. None of the controls took any current medication. All participants gave written informed consent to the study, which was approved by the local ethics committee.
The participants performed two auditory discrimination tasks: a time estimation and a frequency discrimination task. These tasks were practised before scanning to ensure understanding, and then applied during the fMRI experiment. Stimuli were generated by a soundblaster-compatible soundcard in a standard PC, and were delivered binaurally via a MR-compatible pneumatic sound system. Subjects were given pairs of tones differing in either length or frequency, starting with standard pairs of 1000 and 1400 ms (1000 Hz and 1015 Hz for frequency discrimination, respectively), and had to decide which tone was longer (or higher, respectively). Task dif®culty was modulated by an adaptive algorithm, the weighted up±down method [9, 10] . This procedure changed the length/frequency difference between the tone pairs (and thus dif®-culty of the task) according to the preceding trial, leading to a psychometric threshold for 75% probability for correct responses. These were computed based on mid-run estimates [11] , with lower thresholds indicating better performance. Therefore, after several trials all participants were performing on their own, individually adjusted level of dif®culty (see also [12] ).
fMRI experiments were performed on a 1.5 T Gyroscan ASCII system (Philips, Best, Netherlands). Scanning procedures were identical to an earlier experiment [12] . In brief, a stack of four slices was placed through striatal and prefrontal areas to cover the desired regions of interest (DLPFC, anterior cingulate, thalamus, basal ganglia). fMRI was run with a fast-®eld-echo (FFE) sequence (TR/TE/ á 100 ms/50 ms/158; in plane matrix 128 3 128, slice thickness 10 mm). Blocks of active conditions (three of 3:06 min for both tasks) alternated with rest periods (six of 1:33 min each, eyes closed, no motor action) in a counterbalanced order. The long blocks for the task conditions, all starting with the initial dif®culty level, allowed the algorithm to reliably reach the individual's level. For image analysis, we applied the Statistical Parametric Mapping software package (SPM96; Wellcome Department of Cognitive Neurology, London). The obtained images were normalised to Talairach space in a two-step procedure (®rst to a four-slice template then to whole-brain co-ordinate system) and smoothed (Gaussian kernel, full width at half maximum FWHM of 6 mm). Group comparison was performed with the random effects model [13] , implemented in the respective tool-kit for SPM. For analysis of the behavioural data, we used a mean value over the three single thresholds obtained during each block of time estimation and frequency discrimination, respectively.
RESULTS
Analysis of the 75% thresholds in time estimation indicated a signi®cant difference ( p , 0.01, t-test, two-tailed) between the schizophrenic patients (mean threshold 244.4 AE 92.3 ms) and controls (mean threshold of 122.9 AE 27 ms). In the frequency discrimination task, however, the patients (14.77 AE 13.98 Hz) and controls (5.
Brain activation differences were assessed for time estimation vs rest and time estimation vs frequency discrimination contrasts, each with the control±schizophrenia (C-Sz) and Sz-C group contrasts with a uniform threshold of p , 0.01 (uncorrected; extent threshold of 10 voxels) and are displayed in Fig. 1 . The ®rst contrast (Fig. 1a) , displaying overall differences on the timing task, revealed stronger activation of the control subjects in some of the hypothesized DLPFC areas, such as the middle and inferior frontal gyri, and the caudate nucleus. Smaller clusters appear in the superior and middle temporal cortex. This pattern was similar to the frequency discrimination vs rest condition (Fig. 1b) . There were only few clusters in which schizophrenia patients showed stronger activations than controls, one in the timing (Fig. 1c) and two in the frequency (Fig.  1d ) vs rest conditions, respectively. Finally, we performed an analysis of group differences in the time vs frequency task contrast to assess differences, assumed to re¯ect possible differences in central timing mechanisms (i.e. in the putamen). The result of this analysis ( p , 0.05, uncorrected) revealed three regions in the right hemisphere including the anterior thalamus, the medial/superior frontal gyrus and the posterior putamen (see Fig. 2 ). The prefrontal cluster includes mainly the medial surface, but extends partially to the superior frontal sulcus. The low threshold of p 0.05 (uncorrected) was chosen because of the low number of degrees of freedom in the random effects model and since one of our hypotheses stated an alteration in the fronto-thalamic-striatal circuit in schizophrenic patients.
DISCUSSION
In this fMRI study on timing in schizophrenia we could establish two main ®ndings: the patterns of differences in either active task relative to rest reveal several areas of relative hypo-activation in schizophrenia patients; also, there is a dissociation between the two tasks across groups. The result is in line with our assumption of alterations in prefrontal-striatal-thalamic loops underlying the cognitive de®cit. This different activation pattern in schizophrenic patients compared to healthy controls was detected despite the individually adjusted levels of task performance and that de®cits in prefrontal activity are not only because of too dif®cult tasks or potential lack of effort in participation. However, the most important ®nding of our study is that the timing de®cits known in schizophrenia might be linked to disturbed functions of the basal ganglia and the frontothalamic network.
The comparison of each task with the rest condition revealed hypo-activations in patients relative to controls, centred in key regions of the dorsolateral prefrontal cortex, and partially also the caudate nucleus. These areas, which are interconnected by parallel prefronto-thalamo-striatal loops, have repeatedly been reported to be less active or de®ciently activated in schizophrenia (for review see [8] ). Some of the previous results from PET studies have been questioned because of worse behavioural performance of schizophrenic patients, which possibly re¯ects a lack of motivation and/or attention or too high overall task dif®culty. Particularly the important ares like the dorsolateral prefrontal cortex or the anterior cingulate cortex are susceptible to effects of accuracy and performance. Our results show, that respective differences in prefrontal cortical area remain signi®cant even when a psychophysical method is applied to adjust individual levels of performance. However, the absolute level of performance is of course different, as indicated by the analysis of behavioural data (i.e. signi®cantly different 75% threshold values). Therefore, also in the presented study, the problem of group differences in task dif®culty is not completely solved since the activation differences might also be attributed to less aftentional resources used of schizophrenic patients to perform at 75% than for controls.
Additionally, reduced activations in medial prefrontal areas, including the anterior cingulate (Fig. 1a,b) , were Fig. 1 . Contrasts displaying differences between the schizophrenic group (Sz) and the controls (C) for either active task as compared to rest. All rendered projections and the transversal section are displayed at a uniform threshold of p , 0.01 (uncorrected) and extent threshold k 10 voxels. Fig. 2 . Maximum intensity projections of the time vs frequency task condition (controls vs schizophrenic patients) show three clusters ( p , 0.01, uncorrected, extent threshold k 30): in the anterior thalamus (local maximum at x/y/z 8,À8,12; t 3.21), medial/superior frontal gyrus (local maximum at x/y/z 16,38,34; t 3.36) and the posterior putamen (maximum at x/y/z 30,À20,2; t 2.66; second local maximum at x/y/z 26,À10,0; t 2.51).
detected in both tasks. These clusters, comprising approximately supragenual Brodmann area (BA) 24 and BA 32 also appear to be strongly linked to performance in cognitive tasks [14] . It should be noted, that small areas in the inferior frontal gyrus are stronger activated in the patients than in controls (Fig. 1c,d ). Recent studies on working memory in schizophrenia give support to the assumption that not only hypofunction (i.e. lower metabolism or lower extent of activation) might be present, but also increased spatial heterogeneity among patients and even stronger activations in some regions [15] . While circuits linking the thalamus and basal ganglia with the DLPFC (or medial PFC, respectively) are organised in a parallel fashion, these results are compatible with the general view of DLPFC dysfunction, since the DLPFC might be differentially affected (also in respect to task demands), rather than uniformly.
Regarding the known timing de®cits of schizophrenic patients we could demonstrate for the ®rst time that impairment in patients is a combined effect of disturbed central timing mechanism (i.e. dopamine imbalance in the basal ganglia) and additional mechanisms of attention, memory and executive functions in general (assumed to be mediated by prefrontal-thalamic-striatal circuitry). The ®rst part of this conclusion is supported by the relative hypoactivation of the posterior putamen (Fig. 2) . This gives yet another evidence for the involvement of the basal ganglia in time-related operations [2] . The secondary mechanisms, related to working memory and attention, might be impaired in both time estimation and frequency discrimination (Fig. 1) , as discussed above. Furthermore, the contrast between the two tasks ( Fig. 2) indicates differential dysfunction in the medial prefrontal cortex and anterior thalamus, two interconnected limbic (/paralimbic) areas. This medial circuit might be additionally implicated in the timing impairment and might re¯ect the dissociation, which is also seen in the behavioural data (i.e. signi®cantly worse performance in timing, but not in frequency). In general, these results are in accordance with interpretations of previous behavioural studies on temporal information processing in schizophrenia [4] , as well as conclusions derived from neurobiological theories of interval timing [1, 2, 7] .
Two aspects impose certain limits on our interpretation. First, the posterior putamen ®nding needs replication and extension in respect to other timing tasks. If this re¯ects a dysfunction of a central timing mechanisms in schizophrenia, one would expect other timing functions to be impaired (e.g. in other sensory modalities, and also in the motor domain). Recent behavioural studies so far support this hypothesis with schizophrenia patients showing impairment in both perceptual and motor timing [16] , and also in different temporal domains from milliseconds to . 10 s [4, 15] . The second main issue is the effect of medication. It is well known that dopamine D2 receptor blockade induces strong impairment on timing functions [17] , probably in the nigrostriatal system. Atypical neuroleptics show much less of this blockade as compared to typicals, and are assumed to affect mesolimbocortical rather than nigrostriatal systems [18] . Although we carefully selected our patients in respect to atypical neuroleptics, some in¯uence on striatal dopamine cannot be ruled out. Since both clozapine and olanzapine show certain cholinergic effects, the potential in¯uence on performance, however, might be rather on a cortical cholinergic level instead of the classical D2 systems [19] . Finally, this is also supported by results from imaging studies, which show strong striatal overall metabolic effects after medication with typical neuroleptics, but less with atypical neuroleptics [20] , which have a stronger in¯uence on cortical systems.
CONCLUSION
In this study we showed altered brain activations by fMRI in schizophrenic patients during auditory stimulation using a time estimation and a pitch discrimination paradigm. In both tasks lower prefrontal activations in patients were detected, although psychophysical threshold levels differed signi®cantly only in time estimation. Further, the differential contrast (between the tasks) implies a speci®c dysfunction of the right putamen, right medial/superior prefrontal cortex and right anterior thalamus to underlie timing de®cits in schizophrenia. Timing de®cits in schizophrenia might be due to a combined impairment of basal timing mechanisms in the basal ganglia or thalamus, as well as impaired aftentional or mnemonic resources organised in prefrontal cortices. The study also demonstrated that these differences in brain activation are not simply due to worse task performance of the patients, since dif®culty was adjusted to an individual performance level. Altogether, the ®ndings underline the importance of disturbed fronto-thalamo-striatal circuits for schizophrenia.
